By using a microscopic approach, field inversion single-cell gel electrophoresis, we show that preformed single-strand discontinuities are present in the chromatin of resting and proliferating mammalian and yeast cells. These single-strand breaks are primarily nicks positioned at Ϸ50-kbp intervals throughout the entire genome that could be efficiently labeled in situ by DNA polymerase I holoenzyme but not by Klenow fragment and terminal transferase unless after ribonucleolytic treatments. The RNA molecules involved appear to comprise R-loops, recognized by the S9.6 RNA/DNA hybrid-specific antibody. By using the breakpoint cluster region of the Mixed Lineage Leukemia (MLL) gene as a model, we have found that the number of manifest nicks detected by FISH performed after field inversion single-cell gel electrophoresis depends on epigenetic context, but the difference between germ-line and translocated MLL alleles is abolished by protease treatment. Our data imply that the double-stranded genomic DNA is composed of contiguous rather than continuous single strands and reveal an aspect of higher-order chromatin organization with ribonucleoprotein-associated persistent nicks defining Ϸ50-kbp domains.
T
he concept that eukaryotic chromatin is organized into Ϸ30-to 150-kbp units anchored to a ribonucleoprotein-containing structure, the enigmatic nuclear matrix/scaffold, has stemmed from microscopic observations of DNA loops emanating from histone-depleted nuclei (for review, see ref 1) . Chromatin appears to bind matrix elements through special, although heterogeneous, DNA sequences, scaffold/matrix attachment regions (S/MARs), that remain attached to the remnants of saltextracted nuclei (nuclear halos) and are thought to represent the boundaries of supercoiled 20-to 150-kbp looped domains (2) . Consistent with this model of chromosome architecture, chromatin fragmentation phenomena have been observed that involve the preferential cleavage of DNA, presumably at the bases of loops (3) . The global disassembly of chromatin to highmolecular-weight (Ն20-kbp) units also takes place upon alkali denaturation after proteinase digestion (4) , at exposure to single-strand (ss)-specific nuclease (5) , in the early stage of apoptotic DNA fragmentation (6) , as well as in the case of healthy nonapoptotic mammalian and yeast cells upon various protein denaturing treatments (7, 8) . The DNase I hypersensitivity of mammalian chromatin at every Ϸ50 kbp (9) , also detected in the vicinity of certain S/MARs (10), points to the special vulnerability of the DNA at the borders of supernucleosomal units of this size. The above data raise the question whether special base-unpaired secondary structures or perhaps regularly spaced stably maintained ss discontinuities constitute the predilection points of Ϸ50-kbp chromatin fragmentation, delimiting higher-order domains. To tackle this issue, based on the conventional comet assay (11) , we have developed a microscopic approach, field inversion single-cell gel electrophoresis (FI-SCGE), that provides direct visual evidence for the presence of preformed ss nicks, positioned at regular Ϸ50-kbp intervals throughout the interphase chromatin of nonapoptotic mammalian and yeast cells. These nicks are shown to be associated with ribonucleoprotein structures that appear to anchor them to the nuclear matrix, delimiting supercoiled domains.
Results

FI-SCGE Reveals Persistent Regularly Spaced ss Discontinuities in the
Chromatin of Nonapoptotic Cells. Upon alkaline FI-SCGE, the nuclear halos of healthy nonapoptotic Jurkat cells become completely disassembled to granules (Fig. 1A) . The same phenomenon could be observed in the case of proliferating or resting cells of several cell lines (e.g., ML-1, HL-60, HeLa, and HPBL) and human peripheral blood lymphocytes (PBLs), and in Saccharomyces cerevisiae spheroplasts (Fig. 1B) . Similar granules were seen in normal (DC-3F) and topoisomerase II␤-deficient Chinese hamster cells [DC-3F/9-OH-E; supporting information (SI) Fig. 6A ], and also in wild-type, top2-defective, and ⌬top1 yeast strains. The chromatin particles were revealed only in alkaline electrophoretic conditions, i.e., when the DNA migrates in a denatured state; neutral FI-SCGE of nuclear halos yielded parallel stretches of uninterrupted DNA fibers (Fig. 1C) . As determined by several independent methods, the average DNA content of the particles is compatible with what is assumed for the loop level of higher-order chromatin architecture (12) . First, quantitative image analysis of individual fluorescent speckles gave an average DNA fragment size of Ϸ48 kbp per particle (for calculation, see Materials and Methods). Second, FISH was performed on nuclear halos and FI-SCGE comets (FI-SCGE FISH) by using a probe specific for the Mixed Lineage Leukemia (MLL) gene that is frequently rearranged in childhood and posttherapeutic leukemias (13) . The MLL breakpoint cluster region (bcr) includes two high-affinity S/MARs implicated as predilection zones of both chromatin fragmentation and translocations (14, 15) . Although the chromosome territories were well preserved in the nuclear halos (Fig. 1D1) , the MLL FISH probe hybridized to the alkaline FI-SCGE comets as several discrete distant spots ( Fig. 1D2 and 3) . The average fragment size, calculated by dividing the overall length of the region recognized by the MLL probe with the observed average fragAuthor contributions: L.S. and G.S. designed research; L.S., Z.R., B.L.B., and E.K. performed research; L.S., L.I., G.V., Z.B., S.V., M.B., V.D., L.N., and G.S. contributed new reagents/ analytic tools; L.S., G.V., Z.B., K.G., and G.S. analyzed data; and L.S. and G.S. wrote the paper. ment number (2 ϫ 540 kbp divided by 10.2; SEM ϭ Ϯ0.4; n ϭ 200) was 106 kbp. FISH of neutral FI-SCGE comets has led to compact (unfragmented) signals (Fig. 1D4) . Third, DNA samples reisolated either from nuclear halos or alkaline FI-SCGE comets and analyzed by nondenaturing field inversion gel electrophoresis (FIGE) have yielded a band focused at Ϸ50 kbp in each case ( Fig. 2A) .
Similar disintegration of chromatin was also observed when agarose-embedded intact chromosomal DNA samples were analyzed either by alkaline FIGE (Fig. 2 B and D) or, after S1 nuclease digestion, by neutral FIGE (Fig. 2 C, E, and F) . Both methods revealed a massive chromatin disassembly, in the case of untreated and formaldehyde-fixed mammalian cells and S. cerevisiae spheroplasts alike, to Ϸ50-kbp fragments. Very similar fragmentation patterns were seen in normal or topoisomerasemutant cell lines and yeast strains (Fig. 2 B-E) , arguing against the possibility that the strand breaks arise from a random access of topoisomerases to DNA during cell lysis. In view of the above results, and because both formaldehyde fixation and rapid alkaline lysis preclude the initiation of enzymatic actions, we assume that the observed ss breaks preexist at Ϸ50-kbp intervals in the chromatin of live cells.
Nicks Are Present in the Chromatin at Ϸ50-kbp Intervals, Masked by RNA and Protein. As Fig. 3A demonstrates, the nuclear halos could be efficiently nick-labeled by using DNA polymerase I (Pol I), indicating that nicks or gaps ending in free 3Ј OH are present in the nuclear halos. Neither terminal deoxynucleotidyltransferase (TdT) nor Klenow enzyme could efficiently label the nuclear halos ( Fig. 3 B and D) , arguing against the possibility that the discontinuities are mainly ds breaks and/or ss gaps. The number of nick-translated spots (7 ϫ 10 4 ), determined by quantitative image analysis (see Materials and Methods), was comparable to the number of disassembled chromatin granules seen after alkaline FI-SCGE. Remarkably, both Klenow and TdT could intensively incorporate biotin-dUTP if the samples were previously exposed to exonuclease III (Exo III), RNase A, or alkali ( Fig. 3 C and E-G). The effect of RNase A was abolished in the presence of a specific RNase inhibitor (Fig. 3H ). The finding that ribonucleolytic treatment is required for efficient TdT and Klenow labeling suggests that access of TdT to these discontinuities and incorporation of nucleotides by Klenow are both constrained by RNA. By their RNase H activity, Pol I and Exo III can degrade the RNA strands in RNA/DNA hybrids; thus the RNase-sensitive structures limiting labeling at the nicks are likely to comprise RNA/DNA hybrids. This conclusion was further corroborated by using the anti-RNA/DNA hybridspecific monoclonal antibody S9.6 (16), revealing a crowd of fluorescent speckles representing RNA/DNA hybrids in the nuclear halos (Fig. 3M ). The number of RNA/DNA hybrid speckles was comparable to the number of nick-translatable particles or to that of the disassembled granules in the alkaline FI-SCGE comets (Ϸ10 5 ). In line with the preformed nature of the breaks, the chromatin of HCHO-fixed cells ( Fig. 3 I-L) could also be labeled by both Pol I and TdT; because labeling in the case of these samples was observed only after extensive proteinase K digestion, the accessibility of the free 3Ј-OH termini must also be hindered by proteins staying attached to the bases of looped domains forming the halos.
The nicks as well as the RNA/DNA hybrids are primarily localized in the central, probably matrix-associated, area of the halos; the DNA loops emanating from the center are barely labeled. As shown in Fig. 4 , upon addition of increasing concentrations of the intercalating dye ethidium bromide (based on ref. 17) , the radius of halos increased to a maximum, because of stretching out of negative supercoils, then at high concentrations of the dye, it gradually decreased as a result of overwinding. Both proteinase and RNase digestion elicited the enlargement of nuclear halo radii, indicating the complete disruption of the nuclear matrix. Similarly to the nicking of DNA by UV irradiation, both treatments eliminated the characteristic increment phase, reflecting the relaxation of negative supercoils.
The Nicks at Ϸ50-kbp Intervals Are Not Specific for Proliferating or Apoptotic Cells. In Jurkat cells and human PBLs harboring germ-line MLL (gMLL) at chromosome 11q23, FI-SCGE FISH revealed disassembly to discrete granules containing loop-sized DNA ( Fig. 5B1 ; see also Fig. 1D2 and 3) . There was no difference in the fragmentation pattern of gMLL between quiescent PBLs and cycling Jurkat cells (Fig. 1D2 and 3) , and between BrdUpositive (S-phase) and BrdU-negative cells (Fig. 5B) . Halo FISH carried out in apoptotic cells showed a markedly different picture of fragmentation, with numerous fine speckles corresponding to oligonucleosomal DNA cleavages (SI Fig 6D1 and 2) . These results indicate that the occurrence of nicks at Ϸ50-kbp intervals is not specific either for proliferating or apoptotic cells.
Comparison of Germ-Line and Translocated MLL Alleles. The possible effect of chromatin structure on the incidence of nicks or on their manifestation in FI-SCGE FISH was assessed by using ML-1 cells harboring rearranged MLL (tMLL) at chromosome 6q27 (18) . As clearly demonstrated by reverse-transcriptase QPCR, ChIP, and DNase I-sensitivity assays, tMLL is transcriptionally repressed and lies in a tightly packed chromatin structure, as opposed to the transcriptionally active gMLL (Fig. 5A) . FI-SCGE FISH showed that in a majority of cells (80%; n ϭ 120), tMLL was present in a much less fragmented state than gMLL in PBLs or Jurkat cells, encompassing Ն540-kbp DNA (Figs.  5B1Ј) . This result suggests that either the incidence of ss breaks or their manifestation in these experiments depends on chromosomal context. In line with this conclusion, the centromeres of chromosome 8 also exhibited a distinct pattern of fragmentation (SI Fig. 6C ) with an average fragment size of 330 kbp, consistent with the loop periodicity estimated for centromeres (19) .
As Fig. 5B2Ј shows, proteinase digestion of the nuclear halos before FI-SCGE has led to the disassembly of tMLL as well, overruling the above difference between the germ-line and translocated alleles. Consistent with this result, we have found no difference between gMLL and tMLL in the number or distribution of ss breaks in alkaline and neutral Southern blots, the latter performed on S1-digested DNA (SI Fig. 7 B-D) or in primer extension mapping on purified DNA samples (SI Fig.  7E ). Comparing the size distributions of the 8.3-kbp bcr (SI Fig.  7 B-D) to that of bulk DNA (Fig. 2 B and C) , we estimate approximately one nick per MLL bcr on average, randomly distributed both in the case of gMLL and tMLL, as opposed to the average one nick per 50 kbp in bulk DNA.
Discussion
Our findings are reminiscent of early observations by Weintraub (5), demonstrating the release of discrete supranucleosomal ''a'' particles containing Ϸ20-to 40-kbp dsDNA upon mild nuclease digestion of chromatin and of those by Werner et al. (20) (21) (22) on the presence of protease-induced S1 nuclease-and alkalinesensitive regions arranged at Ϸ13.5-and 27-kbp intervals, respectively, in Ehrlich ascites tumor cell DNA. In the latter experiments, additional labile sites of different configuration may have been revealed (23) , because the ends of those shorter DNA fragments, observed at more intensively denaturing conditions, were not labeled by Pol I. Alternatively, secondary changes might have been generated in that or in our system, leading to different end structures. Notwithstanding the differences, our observations and those of refs. 20-22 may be closely related. Compared with the above reports, we argue for the preformed nature of the discontinuities, exclude apoptosis as their source, extend these observations to other cell types including yeast spheroplasts, implicate RNA/DNA hybrids in the molecular structures masking the nicks, and directly tackle the possible role of topoisomerases. Furthermore, the microscopic approach developed has led to an experimental system readily amenable to molecular analysis also at the single-cell level.
Our data provide evidence that the chromosomes of nonapoptotic cells contain ss discontinuities positioned at Ϸ50-kbp intervals all over the entire genome. As demonstrated by alkaline FIGE and in situ labeling of nuclear halos and HCHO-fixed cells, the revealed discontinuities are persistent nicks, probably representing the predilection points of high-molecular-weight dsDNA fragmentation. As shown by the characteristic changes of halo radius upon addition of an intercalator dye (Fig. 4) , the fragments bordered by the nicks are indeed supercoiled DNA loops; these loops are apparently tethered at the nicks so that spontaneous relaxation is prevented by anchoring structures. Thus, we hypothesize that the presence of ribonucleoprotein- masked nicks at Ϸ50-kbp intervals is related to the formation of chromatin loops (SI Fig. 8 ).
Because ribonucleolytic treatment of nuclear halos could expose the nicks for in situ labeling by Klenow or TdT, access to the free 3Ј-OH termini detected in our experiments must be hindered by RNA. RNA may be present in RNA/DNA hybrids, a possibility confirmed by using an anti-RNA/DNA-specific antibody, which has identified a similar number of fluorescent speckles, in similar localization as in situ nick translation. The following observations suggest that the nicks are associated with proteins as well: HCHO-fixed cells can be nick-labeled only after proteinase treatment (Fig. 3 I-L) ; proteinase K digestion relaxes the supercoiled DNA loops in the nuclear halos (Fig. 4) , and the difference in the fragmentation of gMLL and tMLL is abolished by proteinase added before FI-SCGE FISH (Fig. 5) . The similar incidence but different exposition of nicks in the expressed germ line and the transcriptionally inactive translocated MLL alleles (SI Fig. 7 and Fig. 5 ) demonstrate that the masking of nicks depends on the epigenetically controlled chromatin structure. The above findings are in line with the perception of nuclear matrix as a web of ribonucleoproteins associated with the bases of DNA loops (1, (24) (25) (26) (27) (28) . Identification of the proteins and RNA molecules involved in hiding the described nicks from becoming manifest discontinuities remains a challenge for the future and may lead to an understanding of the mechanism of how the nicks are established.
Our results do not support the involvement of topoisomerase I and II in the observed phenomena; we failed to observe any difference in the case of topoisomerase-mutant mammalian cells and yeast strains (Figs. 1-3) , or when cells were treated with the topoisomerase poison ICRF-193 (Figs. 5B3, 4, 3Ј, and 4Ј ). Yet topoisomerases might play a role by forming at Ϸ50-kbp inter- Dependence of nuclear halo radius on ethidium bromide (EBr) concentration. Samples were stained with 0.5, 1.5, 2.5, 5, 10, 25, 50, and 100 g/ml EBr. Means are indicated; error bars represent SD. Control, intact nuclear halos containing supercoiled loops of DNA; UV, nuclear halos nicked by UV irradiation; RNase A, nuclear halos digested with RNase A; and Proteinase K, nuclear halos digested by proteinase K.
vals stably maintained ''cleavable complexes.'' This possibility would be congruent with the participation of topoisomerases both in transcription and replication, also in view of the suggested links between the two processes (29, 30) . Restructuring and activation of certain promoters require topoisomerase IIelicited DNA breaks (31) . Recently, both topoisomerase I and II have been shown to compete with ORC2 and induce ss breaks at the lamin B2 origin of replication in a well orchestrated manner throughout the cell cycle, giving an essential contribution to origin definition; in addition, topoisomerase II appeared to be a permanent resident of a neighboring S/MAR (32) .
The ribonucleoprotein-masked ss discontinuities described herein might play a role in certain aspects of genomic instability that lead to chromosomal translocations in human malignancies. This aspect has gained a novel perspective recently: rapid Ϸ50-kbp DNA fragmentation has been observed when recruitment of the ASF/SF2 premRNA splicing factor to the nascent mRNA was prevented (33) . The fragmentation events took place in the absence of apoptosis and were accompanied by gene rearrangements; the hypermutator phenotype induced was shown to be the result of the formation of RNA/DNA hybrids; however, it was not resolved how the DNA lesions were introduced into the R-loop regions.
In summary, our data demonstrate an aspect of higher-order chromosome organization: the presence of regularly spaced ss discontinuities closely associated with and masked by RNA, comprising RNA/DNA hybrids and proteins. These structures, positioned at every Ϸ50 kbp throughout the genome, may anchor supercoiled chromatin domains to the nuclear matrix. In view of the persistent nature of these discontinuities and their distribution, we propose that the eukaryotic genomic DNA is composed of contiguous rather than continuous ss, interrupted at the boundaries of interphase chromatin loops. 5 ). Nuclear halos were prepared by lysing the cells in a high-salt buffer (2 M NaCl/10 mM Tris⅐Cl, pH 8/50 mM EDTA/0.5% Triton X-100/0.2% Sarkosyl/10% DMSO) for 7 min, on ice. The disassembly of the nuclear halos to granules containing Ϸ50-kbp ssDNA was visualized by FI-SCGE by using an MJ Research (Waltham, MA) PPI 200 power inverter; electrophoresis was carried out in alkaline (300 mM NaOH/1 mM EDTA) or neutral (1ϫ TAE) conditions for 12 h at 4°C; parameters were set to maximize resolution in the Ϸ50-to 500-kbp range. Where indicated, nuclear halos were extensively digested by proteinase K before FI-SCGE (Fig. 5) . After running, each sample was neutralized in 1 M Tris⅐HCl, pH 8/10 mM EDTA for 5 min and then dehydrated in an ascending series of ethanol for 2 min, each at 4°C, and finally in methanol and acetone for 15-15 min, each at Ϫ20°C. In the experiment shown in Fig. 2 A, the nuclear halos and FI-SCGE comets were scraped off from the surface of the glass slides, and, after ␤-agarase and proteinase K digestion, the DNA molecules were reisolated by phenol-chloroform extraction/ethanol precipitation and analyzed by FIGE in a 1% agarose gel prepared in 1ϫ TAE.
Materials and Methods
Because of space limitation, the detailed description of FI-SCGE FISH, in situ nick labeling, microscopy, and other methods used in this study can be found in SI Text; SI Figs. 6-8 accompany the paper. 
